Neutron scattering study of soft phonons and diffuse scattering in insulating 

Lai 95Sro.o5Cu04 

Shuichi Wakimoto,^'Q Seunghun Lee,^ Peter M. Gehring,-^ Robert J. Birgeneau,-'^ and Gen Shirane^ 

^ Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A7 
^ NIST Center for Neutron Research, National Institute of Standards and Technology, Caithersburg, Maryland 20889-8562, USA 
^ Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000, USA 

(Dated: February 2, 2008) 

Soft phonons and diffuse scattering in insulating La2-iSra:Cu04 {x = 0.05) have been studied by 
the neutron scattering technique. The X-point phonon softens from high temperature towards the 
structural transition temperature Ts = 410 K, and the Z-point phonon softens again below 200 K. 
The Z-point phonon softening persists to low temperature, in contrast to the behavior observed 
in the superconducting x — 0.15 compound, in which the Z-point phonon hardens below Tc. The 
diffuse scattering associated with the structural phase transition at 410 K appears at commensurate 
positions. These results highlight interesting differences between superconducting and insulating 
samples. 



I. INTRODUCTION 

No direct connection between the unusual supercon- 
ductivity and the lattice dynamics in the cuprate high- 
Tc materials has been established to date. By contrast, 
two of the most successful demonstrations of such a 
connection in ECS materials were reported for Nb3Sn 
(Ref. 1) and for Nb (Ref. .2?) by neutron inelastic scatter- 
ing techniques to show that acoustic phonons with ener- 
gies less than the superconducting gap energy soften and 
exhibit linewidths that decrease below Tc. The smaller 
linewidths correspond to longer phonon lifetimes, and re- 
sult from the absence of any decay channel available to 
such phonons in the presence of the superconducting gap 
which opens up at Tc- Although such behaviour has not 
been confirmed for the high-Tc cuprate La2-a;Sra;Cu04 
(LSCO) system, low-energy soft phonons have been re- 
ported to show interesting correlations with the super- 
conductivity. Firstly, an anomalous lattice hardening be- 
low Tc has been observed by ultrasonic measurements'^. 
Later, it was found that the soft phonon associated with 
the tilting mode of the CuOe octahedra hardens, and 
that the phonon linewidth saturates below Tci^ 

Another interesting feature has been studied in the 
high-temperature-tetragonal (HTT) phase of LSCO with 
X = 0.12, where Kimura et al^ have found that the dif- 
fuse scattering appears at incommensurate (IC) lattice 
positions located around the X-points, (n/2, n/2, 2/), as 
shown by the open circles in Fig. 1 (a). Intriguingly, the 
incommensurability saturates at the same value as that 
exhibited by the IC static (or dynamic) antiferromag- 
netic peaks, which suggests that a correlation may exist 
between the superconductivity, magnetism, and lattice 
distortion. In this paper, we report the results of neu- 
tron scattering experiments performed on a single crystal 
sample of insulating Lai.95Sro.o5Cu04 that were designed 
to test if the features of the soft phonons and the diffuse 
scattering mentioned above are in fact related to the su- 
perconductivity. Our results bring to light an interesting 
contrast between superconducting and insulating sam- 



ples of LSCO. 



II. SCATTERING GEOMETRY AND 
EXPERIMENTAL DETAILS 

The high-temperature structure of LSCO is tetragonal 
(space group lA/mnim), and it is known that an insta- 
bility of the zone boundary X-point soft phonon causes 
a displacive structural transition to the low-temperature 
orthorhombic (LTO) phase (space group Bmab) The 
left side of Fig. 1 depicts the reciprocal lattice of the HTT 
phase {T > Ts, where Ts is structural transition temper- 
ature), and the LTO phase (T < Ts). Due to the twinned 
structure of the crystal, the [HHO] axis in the HTT phase 
becomes a superposition of the [HOO] and [OKO] axes in 
the LTO phase. In the HTT phase, IC diffuse scatter- 
ing has been observed for a superconducting x ~ 0.12 
sample around the X-points as shown by open circlesi^ 
In the LTO phase, superlattice peaks appear at recipro- 
cal lattice points such as (014) and (032), shown by the 
open squares, which become zone-center T-points, while 
positions such as (104) and (302) become zone-boundary 
Z-points. 

Thus the structural transition lifts the degeneracy 
of the X-point phonon, and two modes can be distin- 
guished in the LTO phase, i.e. the F-point and the Z- 
point phonons, which correspond to the octahedral tilt- 
ing mode along the orthorhombic b- and a-axis, respec- 
tively. The F- and Z-point phonons harden upon cooling 
below Ts, but then the Z-point phonon softens subse- 
quently at lower temperatures, implying an instability 
against a low-temperature tetragonal (P42 /ncm) or low- 
temperature less-orthorhombic (Pccn) phase. ^ In super- 
conducting samples it has been reported that this Z-point 
softening breaks at Tc, suggesting that the superconduct- 
ing state stabilizes the LTO phase. "'■^ 

In the present study, Z-point phonons were measured 
at the (104) and (302) reciprocal lattice points, respec- 
tively, using the SPINS and BT9 spectrometers located 
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FIG. 1: The reciprocal lattice of LSCO is shown at tempera- 
tures (a) above and (b) below the structural transition tem- 
perature Ts- Closed squares represent nuclear Bragg peaks, 
while open squares represent superlattice peaks in the LTO 
phase. The open circles correspond to the IC diffuse scatter- 
ing in the HTT phase observed for x — 0.12 by Kimura et aL' 
(c) Temperature dependence of the superlattice peak inten- 
sity for X — 0.05. (d) Ts as a function of doping x. The lone 
open square corresponds to the crystal studied in this paper. 
The closed circles, open circles, and open triangles represent 
data taken from Ref. Il3l and 1 14. respectively. 



at the NIST Center for Neutron Research. The (104) Z- 
point phonon was measured using a fixed final neutron 
energy Ej = 5 meV and horizontal beam coUimations 
32'-80'-S-80'-open (S = sample), while the (302) Z-point 
phonon was measured using a fixed initial neutron energy 
E, = 14.7 meV and colHmations of 40'-22'-S-24'-open. In 
addition, X-point phonons were studied at (1/2,1/2,4) 
(tetragonal indexing) using SPINS with the same instru- 
ment configuration except with a horizontally-focusing 
analyzer in place of the flat analyzer. A Be filter placed 
after the sample, and a PG filter placed before the sam- 
ple, were used to eliminate higher order (A/2, A/3, ...) 
neutrons for the Ef = 5 meV and Ei = 14.7 meV mea- 
surements, respectively. 

The single crystal of Lai.95Sro.o5Cu04 used for the 
present study was grown in a floating zone furnacejSiifl 
and is the same sample that was used for the neutron 
scattering measurements of the diagonal IC magnetic 
peaksiiiii^ Lattice constants of the LTO phase at room 
temperature are Go — 5.38 A and Co = 13.24 A, which 
correspond to reciprocal lattice units of a* = 1.17 A^^ 
and c* = 0.47 A'^. The lattice constant in the HTT 



50 



J 1 T - 510 K 

I 


T - 258 K 

■ ^^^^^^ 






'1 T - 480 K 


T = 130 K 






' \ 1 T - dRCi K 


T - K 







80 



40 



20 



CD 
3 



40 :^ 

o 
o 

20 i 
3 

_ 



40 



20 



2 4 
CO (meV) 



2 4 
CO (meV) 



FIG. 2; Left-hand panels show X-point phonons measured 
at Q = (1/2, 1/2, 4)tetra at three temperatures using the 
SPINS spectrometer with the final neutron energy fixed at 
5 meV. Right-hand panels show Z-point phonons measured at 
Q = (3,0, 2)ortho at three temperatures using the BT9 spec- 
trometer with the initial neutron energy fixed at 14.7 meV. 
The solid lines are the results of fits to the Lorentzian func- 
tion specified in the text, convoluted with the instrumental 
resolution function. 



phase is related to that of the LTO phase by at ^ 
ao/V2 = 3.80 A, thus < ~ 1.65 A'^. The structural 
transition temperature T, ~ 410 K was determined by 
monitoring the temperature dependence of the superlat- 
tice peak intensity at (014), the data for which are shown 
in Fig. 1 (c). This value is in excellent agreement with 
the x-dependence of accumulated from previous mea- 
surementsSiiii^ shown in Fig. 1 (d), where the x — 0.05 
data point is represented by an open square. 



III. SOFT PHONON AND DIFFUSE 
SCATTERING 

Representative spectra of the X- and Z-point phonons 
are shown in Fig. 2. While the X-point phonon for 
T > Tg is extremely broad in energy, it is nevertheless 
apparent that the phonon energy decreases on cooling to- 
wards Ts- Below Ts, the Z-point phonon is well-defined, 
and its energy and linewidth decrease with decreasing 
temperature. 



Profiles taken at several temperatures were fit to an 
instrumental resolution-convoluted 5(q, a;) function, 

S{(i,uj) = {n{uj) + l)IphL{q,uj)+lGexp{-uj^/2a^) + lBG 
^) = 7 \2~, — 2 + 7 — ^ \2~, — ^ 



L^l .95Sl'0.05^L'O4 



(1) 
(2) 



where n{uj) = (^^^/kBT _ ^ represents the phonon 

energy half-width at half-maximum. The first term in 
Eq. (1) represents the phonon cross-section, while the 
second Gaussian term describes elastic peak at a; = 0. 
From the dispersion relation, the g-dependent phonon 
energy ujph is given by 



^Ih ^0 + (^xql + ayql + a,ql, 



(3) 



where loq is the phonon energy at either the X- or Z- 
point. The dispersion constants = 620, Qy = 250, and 

= If 30 meVA are taken from Ref. 8. Fits of the data 
to the above function are shown in Fig. 2. The solid lines 
reflect the Lorentzian component of the soft phonon as 
well as the background, while the dashed lines represent 
the u! = Gaussians. Note that the background for the Z- 
point profiles slopes as a result of the analyzer correction 
factor fcj/tanflyi (kf is final neutron wave vector and 0a 
is the analyzer angle with respect to the scattered beam) , 
which must be applied to fixed- -E^ scans. 

The parameters obtained from the fits are summarized 
in Figs. 3 and 4. The temperature dependence of luq and 
7 are shown in Fig. 3 (a) and (b), respectively. A general 
trend is observed on cooling in which the X-point phonon 
softens towards Tg, and the Z-point phonon recovers be- 
low Ts and then softens again below ^ 200 K. Meanwhile, 
the linewidth 7 also starts to decrease with decreasing 
temperature below ~ 200 K. Around Ts, the phonon 
profiles measured at SPINS (not shown) are not well- 
defined, possibly because they overlap with a F-point 
phonon that may not be high enough in energy to re- 
solve from the Z-point phonon, and in part because of 
the strongly damped nature of the soft phonons at high 
temperatures. Thus we were not able to determine if the 
phonon softens completely at the structural transition 
temperature. 

An enlarged figure of ujq that covers the temperature 
range <T < 100 K is shown in Fig. 4 (a) together with 
the data for x = 0.15 reported by Lee et alA The loq of 
the insulating x = 0.05 sample decreases monotonically 
with decreasing temperature while the superconducting 
X — 0.15 compound exhibits a softening that breaks at 
Tc- On the other hand, as shown in the enlarged Fig. 4 
(b), the linewidth 7 for x — 0.05 decreases with temper- 
ature and saturates below ~ 30 K, which is similar to 
the behavior of 7 in superconducting samples, which sat- 
urates aroimd Tc ~ 35 K (Ref. 4 5). Thus soft phonons 
show both contrasting and similar behavior in insulating 
and superconducting samples. 



5.0 



4.0 



5 3.0 



o 2.0 
3 

1.0 

2.5 



(a) 


1 1 1 








r z 








\ Y 
\ / 


X 


1 1 


1 




200 400 
Temperature (K) 



FIG. 3: Temperature dependence of (a) the soft phonon en- 
ergy Luo and (b) the phonon energy linewidth 7. The lines are 
guides-to-the-eye. The squares and circles depict the data 
taken at (1, 0, 4) (SPINS) and (3, 0, 2) (BT9), respectively. 



Another important contrast between insulating and 
superconducting materials is found in the diffuse scat- 
tering in the HTT phase. As mentioned in Sec. I, 
Kimura et al? have reported IC diffuse scattering located 
around the X-point in the HTT phase for a supercon- 
ducting X — 0.12 sample. However, we observe com- 
mensurate diffuse scattering for an insulating x — 0.05 
sample. Figure 5 shows diffuse scattering peaks along the 
(1/2 -I- 1/2 -f g, 4) direction for x = 0.05 represented by 
open symbols. Commensurate diffuse scattering grows 
with decreasing temperature towards Tg, below which it 
is replaced with a sharp resolution-limited superlattice 
peak shown by the dashed line in the upper figure. The 
lower figure also shows the IC diffuse peaks reported by 
Kimura et al. for x = 0.12 measured at 390 K along 
the (3/2 -I- q, 3/2 -I- q, 2) trajectory for comparison. The 
X = 0.05 data are well-described by fits to a resolution- 
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FIG. 4: Enlarged figures of the same data in Fig. 3, covering 
the range < T < 100 K, are shown. Data for x = 0.15 
taken from Ref. are represented by diamonds in (a). Lines 
are guides to the eye. The squares and circles depict the data 
taken at (1, 0, 4) (SPINS) and (3, 0, 2) (BT9), respectively. 



convoluted two-dimensional Lorentzian centered at the 
commensurate position, as shown by the solid lines with 
a half-width at half-maximum k = 0.07 A-i for 420 K 
and K = 0.09 A'^ for 450 K. 



IV. DISCUSSION 

We report soft phonon and diffuse scattering measure- 
ments on an insulating x = 0.05 LSCO sample with the 
goal of elucidating any intrinsic relationship that may ex- 
ist between the superconductivity and lattice instability 
exhibited by these materials. A comparison between the 
data taken on the present insulating sample and previ- 
ously reported superconducting samples of LSCO reveals 
some important contrasts. 

Firstly, there is no break in the softening of the Z- 
point phonon in the insulating sample (Fig. 4 (a)). 
This reveals a robust correlation between superconduc- 
tivity and the structural instability as discussed previ- 
ously*'^''*'^ On the other hand, the linewidths of the Z- 
point phonon for both insulating {x = 0.05) and super- 
conducting {x = 0.10, 0.12, and 0.15 (Refs.'lls')) samples 
saturate at low temperatures. This suggests that the 
saturation of the linewidth is not due purely to the su- 
perconducting state. A possible alternative explanation 
is that the saturated value is determined by impurity 
scattering from the dopant Sr atoms, since the saturated 
value increases monotonically with x. The hole concen- 
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FIG. 5; Diffuse scattering profiles measured along the (1/2 + 
g, 1/2 -I- g, 4) trajectory. The superlattice peak measured 
at 390 K is also shown as a dashed line in the upper fig- 
ure. The solid lines are fits to the resolution-convoluted two- 
dimensional Lorentzian function plus background. The lower 
figure also shows IC diffuse scattering in the HTT phase of 
the a; = 0.12 sample^, which has a Ts of 240 K. 

tration x and saturated value of 70 are summarized in 
Table 1. The dependence of 70 is roughly linear with x. 

Briefly, it might be also interesting to consider if there 
is any significance to the maximum value of luq of the 
Z-point phonon. Needless to say, the temperature where 
this maximum value is achieved changes with the tran- 
sition temperature Tg. However, for both x — 0.05 
and 0.15 samples, the Z-point phonon starts to soften 
at the temperature where the linewidth 7 coincidentally 
starts to decrease, suggesting a general correlation be- 
tween phonon lifetime and lattice instability. 

Secondly, the diffuse scattering in the HTT phase is 
commensurate in the insulating sample. This suggests 
that the incommensurate nature of the diffuse scatter- 
ing is characteristic of the superconducting sample, or 
characteristic near the specific concentration x = 0.12 
where the IC spin density wave order is well established 
at low temperatures j--'-- Moreover, the incommensura- 
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TABLE L Hole concentration x and saturated linewidth 70. 
Note that the hnewidth in Ref. 4 is defined as 27. 



X 70 (mcV) Rcf. 

0.0 0.10 4 

0.05 0.22 present 

0.10 0.38 ^ 

0.12 0.55 ^ 

0.15 0.38 4 



bility of the diffuse scattering increases with temperature 
and saturates at the same value as that of the magnetic 
IC modulation. -'^^ In either case, the IC diffuse scattering 
appears at much higher temperatures than those where 
the charge localization behavior has been observed by 
the NQR wipeout effecti^ or by conductivity measure- 
ments.^^ 

Our current experiment on the x — 0.05 sample has 
established the relation between the incommensurate dif- 
fuse peak and the superconductivity. The previous study 
by Kimura et al.^ on samples with 0.10 < a: < 0.12 can 



now be interpreted as an expUcit signature of an incipi- 
ent lattice modulation of the hole doped cuprate super- 
conductors that may be related to the inhomogeneous 
charge and spin state such as the stripes. It would be 
interesting in future studies to examine diffuse scatter- 
ing in a; = 0.07, which is just above the superconducting 
transition, as well as that in optimally doped x = 0.15 
and overdoped x = 0.20 samples. 
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